Abstract The measurement of isotope ratios in sedimentary rocks deposited over geological time can provide key insights to past environmental change over important intervals in the past. However, it is important to be aware that secondary alteration can overprint the original isotopic records. We demonstrate this principle using high-resolution carbon, sulfur, and oxygen isotope measurements in organic carbon, pyrite, and carbonate minerals (d O carb ) and kerogen analyses (HI and OI) from the Wordie Creek Formation, East Greenland. These sediments were initially deposited across the Permo-Triassic transition, but as we will show, the carbonate record has been altered by interaction with meteoric water significantly after initial deposition. Comparison of the better preserved organic carbon and pyrite records with a proximal Permo-Triassic sequence reveals significant pyrite-sulfur isotope variability across the Permo-Triassic transition. This regional heterogeneity argues against basin-wide euxinia and instead suggests localized changes in sulfur fractionation in response to variations in organic carbon flux. This hypothesis can be used to explain seemingly inconsistent regional trends in other sulfur isotopes across the Permo-Triassic transition.
Introduction
Geochemical records preserved in the geological record provide key information on past environmental changes. In particular, stable carbon isotopes ( 12 C and 13 C) can be used to understand the large-scale changes in the global carbon cycle over intervals of significant ecological upheaval. For example, a global negative carbon isotope excursion coincident with the Permo-Triassic mass extinction has been suggested to reflect either the collapse of marine productivity Nabbefeld et al., 2010) and/or the injection of 13 C-depleted carbon to the atmosphere and oceans (Korte & Kozur, 2010; Payne & Clapham, 2012) . While geochemical records provide important constraints on environmental change occurring in the past, it is important to be aware of processes that have the potential to affect the fidelity of these geochemical archives. Carbonate minerals are particularly prone to postdepositional alteration, with the potential for recrystallization to reset the original isotopic signatures during burial or exhumation of the sequence. The isotopic composition of the carbonate can be used to infer the extent of the postdepositional diagenesis of the carbonate phase and the source of any secondary fluid (Swart, 2015) .
of alteration of the carbonate phase at these sites. We then go on to discuss the geochemical records that we infer to be unaltered by secondary alteration and discuss the implication of these records for environmental change across the Permo-Triassic boundary.
Geological Setting
The Permian-Triassic sequences of the Jameson Land Basin were deposited during a time of active faulting and subsidence that resulted in some of the thickest sequences of uppermost Permian/lower Triassic strata globally (Stemmerik et al., 2001) . In this region, the Late Permian Schuchert Dal Formation is overlain by the Early Triassic Wordie Creek Formation (Wignall & Twitchett, 2002b) . The sedimentary environment has been interpreted to be a deep marine, syn-rift basin where thick fan-delta sandstones and conglomerates interleave with basinal mudstones and small turbidite lobes (Wignall & Twitchett, 2002b) . In shale-dominated sections, the end-Permian mass extinction is seen to occur at the sharp transition from burrowed, silty mudstones of the Schuchert Dal Formation to laminated, pyritic shales at the base of the Wordie Creek Formation.
Previous geochemical studies spanning the Permo-Traissic boundary in the Jameson Land Basin have focused on the Schuchert Dal valley (also referred to as the Fiskegrav section; Fenton et al., 2007; Nielsen et al., 2010; Stemmerik et al., 2001; Twitchett et al., 2001) , 100 km south of the Oksedal sections studied here ( Figure 1 ). The cliff sections labeled OK1-4 in Wignall and Twitchett (2002a) were sampled at irregular intervals. In this study, geochemical measurements have been performed on sections OK1, OK2, and OK4. The sections OK1 and OK2 are located less than 500 m apart, whereas OK4 is slightly more distal (3 km from OK1 and OK2).
Out of the three Oksdal sections studied here, OK4 represents the most complete section spanning the Permo-Triassic transition. The two most eastern sections, OK1 and OK2 both have a coarse grained sandstone unit at their base, which has been interpreted to be a submarine channel infill (Wignall & Twitchett, 2002b; Figure 1b) . The presence of this unit makes the detailed correlation of OK1/OK2 to OK4 difficult, and thus we present the geochemical data from OK1/OK2 separately to OK4. Alignment of OK1 and OK2 is based on the top of the channel infill (located at 7 m from the base of the OK1 and at 16 m in OK2), assuming a constant sedimentation rate between both locations (Wignall & Twitchett, 2002b) .
Age constraints on the Wordie Creek Formation are provided by ammonoid and conodont biostratigraphy. The first occurrence of common Early Triassic conodonts, including Hindeodus parvus at 8 m above the formational contact (Wignall & Twitchett, 2002b) , indicate that the Permo-Triassic boundary occurs within the lower Wordie Creek Formation. This assignment is supported by the carbon isotope record from the Schuchert Dal/Fiskegrav section, in which a minimum in the carbon isotope stratigraphy is observed within the Geochemistry, Geophysics, Geosystems
lower meters of the Wordie Creek Formation . Age constraints on the remainder of the Wordie Creek Formation is provided by ammonoid biostratigraphy (Wignall & Twitchett, 2002b) . The top of OK4 yields Ophiceras commune indicating a mid-Griesbachian age (251-250.4 Ma; Wignall & Twitchett, 2002b ).
Analytical Methods
Shale samples were selected to be homogenous and weathered surfaces removed with a rock saw. Small chips were saved for thin section prior to sample crushing in a jaw crusher and ball-mill machine. All analysis described below was done in the Laboratory for Marine Biogeochemistry and the Godwin Laboratory in the Department of Earth Sciences at the University of Cambridge.
Sulfur Isotopes of Pyrite
Pyrite was first extracted by boiling for 1-2 h with an acidified CrCl 2 solution (CRS; Canfield et al., 1986; Zhabina & Volkov, 1978) . Hydrogen sulfide (H 2 S) produced during reduction with CRS was trapped as silver sulfide (Ag 2 S), vacuum filtered and dried down for isotope analysis. Ag 2 S was combusted at 1,0308C in a Flash EA coupled by continuous helium flow to a Delta V mass spectrometer. Standards NBS 127 (d 34 S 5 20.3&
VCDT) and IAEA SO-6 (d 34 S 5 234.1& VCDT) were run as bracketing standards and used to correct for analytical drift in the mass spectrometer. The instrument precision is r 6 0.24&, however, the method uncertainty based on replicate analyses is r 6 0.8& (n 5 26). Weight percent pyrite was not determined during these analyses.
Sulfur Isotopes of Sulfate
Two independent methods were used to extract sulfate from the whole rock powder. The first method used the sequential digestion method (the first step of which is outlined above, section 3.1 modified from Alford et al., 2011) , termed the ''Thodes method'' hereafter. After extracting pyrite from the rock, the residual sample was digested for 2-3 h with a strongly reducing solution of HCl, H 3 PO 2 , and HI (2:5:13 vol; Thode et al., 1961) . This solution was added directly to the reaction vessel containing CRS solution, therefore any carbonate-associated sulfate (CAS) dissolved in the CRS solution will be liberated on addition of the Thode solution to form H 2 S. The H 2 S produced was trapped as Ag 2 S, vacuum filtered and dried down for isotope analysis. It should be noted that this digestion will also target all remaining reducible sulfates (e.g., barite) in the rock, not only CAS. However, as CAS is likely the most abundant sulfate-bearing group, we assume that the majority of the sulfur extracted from this digestion is CAS.
A second independent method was used, following the more conventional approach for extracting CAS of Wotte et al. (2012) . The sulfate in the carbonate fraction was extracted from the whole rock powder by first reacting the sample with sodium chloride solution (to leach dissolvable sulfate) and then with a 5% sodium hypochlorite/hydrogen peroxide solution (to oxidize any reduced sulfur compounds) following Wotte et al. (2012) . The sample was thoroughly rinsed to remove all of the reduced sulfur compounds-the adequate number of rinses was determined by reacting aliquots of each of the sequential rinses with excess 0.1 M barium chloride until no precipitate was observed. The rinsed powder was then digested in a 6 M HCl solution at room temperature to dissolve the carbonate fraction. The effluent was then reacted with excess 0.1 M barium chloride solution to precipitate sulfate released from the carbonate lattice as barite, barium sulfate. The barite was rinsed three times in deionized water and dried down prior to analysis.
The sulfur isotopic composition of both the barite precipitate and the Ag 2 S (from the Thodes extraction method) were analyzed via combustion at 1,0308C in a Flash EA coupled by continuous helium flow to a Delta V mass spectrometer. The weight percent sulfate was not determined during these analyses.
Carbon and Oxygen Isotopes in Carbonate and Organic Carbon
The organic carbon fraction was isolated by dissolving samples in 1 M HCl. The reaction was agitated for 12 h, rinsed to achieve a neutral pH and then dried. The d 13 C of the residual organic carbon was found by weighing 15 mg into tin capsules and combusting in an Elemental Analyzer coupled to a Thermo Finnegan MAT-253 gas source isotope-ratio mass spectrometer. 
Kerogen Analysis
The kerogen types from select samples from section OK4 (spanning the extinction horizon) were determined via Rock-Eval(6) pyrolysis. Approximately 5 g of sediment were ground and sieved (<63 mm). The powdered samples were treated with 36% HCl for 12 h and then 40% HF for 12 h to remove carbonates and partially remove silicates. Rock-Eval(6) pyrolysis was performed following (Słowakiewicz et al., 2015) . Briefly, powdered sediments were heated from 300 to 6508C at 258C/min in N 2 atmosphere and the residual carbon was then oxidised from 300 to 8508C at 208C/min. Hydrocarbons released during the two-stage pyrolysis were measured using a flame ionization detector and CO and CO 2 measured using an IR cell. Rock-Eval parameters were calculated by integrating the amount of thermally vaporized free hydrocarbons (S1) and hydrocarbons released from cracking of bound OM (S2). These hydrocarbon fractions are normalized to total organic carbon (TOC) and expressed as the hydrogen index (HI) and the oxygen index (OI): There is no consistent isotopic excursion in the carbon or oxygen isotopic records measured on the carbonate phase (Figures 2c and 2d ). The well-known 24& carbon isotope excursion in carbonate recorded at the Permo-Triassic boundary at other globally distributed sites (e.g., Korte & Kozur, 2010; Payne & Clapham, 2012) is not apparent in OK4, potentially suggesting diagenetic overprinting of the original signal. Additionally, the absolute oxygen isotope composition of the carbonate fraction is significantly more negative than the natural range of seawater d 18 O.
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Weight Percent Organic Carbon and Carbonate
Weight percent organic carbon differed depending on the method used for determination; gravimetric estimates of total organic carbon (TOC) after treatment with H 2 O 2 ranged between 0.02 and 0.47%, while TOC determined via pyrolysis varied between 0.03 and 1.57% ( Figure 3a ). We emphasize that although the absolute values are different, the trends produced via the two methods are the same, with highest TOC values observed around the extinction horizon ( Figure 3a ). Carbonate weight percentage was also estimate via two methods (gravimetrically after treatment with HCl and via ICP-OES); in both cases carbonate weight percentage ranged between 2 and 80% ( Figure 3b ), with a local minimum observed at the extinction horizon. Comparisons between the isotopic composition and the weight percent of different phases are discussed in section 6.1 to assess the potential for contamination and/or diagenetic overprinting.
Kerogen Type
The oxygen index (OI) derived from the amount of CO 2 generated during pyrolysis of the organic matter relative to TOC is used as a proxy for the amount of oxygen in the kerogen, which can be used to identify kerogen type. The OI profile shows a clear increase from the base of OK4 to the top (Figure 3d ), which may reflect a change in organic matter type (source) or oxygenation conditions at the sediment-water interface. Evaluation of the hydrogen index (HI), a proxy for the amount of hydrogen in the kerogen, shows a consistent increase in values from the base of the section (7-26 mg mgCO 2 /g TOC), however the HI shows a slight decrease within the extinction horizon possibly indicating a change in either the supply or type of organic matter (Figure 3c ). In comparison to the possible HI range of organic matter, the sediments from OK4 section have relatively low HI values (<50 mg CO 2 /g TOC), which reflects type IV kerogen. There is no change in kerogen type across the extinction horizon. Geochemistry, Geophysics, Geosystems 10.1002/2017GC007259
Discussion
In the following discussion, we review the evidence for secondary alteration of the different geochemical phases measured (section 6.1), and conclude that in these sections, the isotopic composition of the carbonate phase has been altered whereas organic carbon and pyrite phases appear to be primary. We then discuss the nature and timing of the chemical alteration of the carbonate phase (section 6.2). The second half of this discussion covers the better preserved organic carbon and pyrite isotopic records across the PermoTriassic boundary and the potential environmental implications of these records (section 6.3).
Integrity of Isotopic Compositions
In this section, we review the fidelity of the different geochemical records measured and the evidence for diagenetic alteration of the isotopic compositions of each phase.
Contamination During Sample Preparation
During the separation of different carbon and sulfur mineral phases, it is possible that contaminant phases were only partially digested and could therefore influence the carbon or sulfur isotope composition of the In sequential extractions such as these, a strong positive correlation between the d 34 S of sulfur-bearing mineral phases may be observed if pyrite (oxidized during extraction) contaminated the sulfate fraction. However, it should be noted that sulfate was extracted from the whole rock using two independent methods which yielded similar isotopic results (Figure 2b ). Given that the Wotte et al. (2012) type extraction involved thorough rinsing after the sulfide extraction, we would expect that the contamination of pyrite (oxidized during extraction) would be negligible. By contrast, the Thode extraction did not involve rinsing in between the sulfide and sulfate extractions, therefore contamination might be more of an issue here. It is therefore difficult to explain the similarity of the d 34 S SO4 records from the two extractions in the context of contamination during extraction. Instead, we argue that secondary alteration is a more likely explanation for the strong positive correlation between the d 34 S SO4 and the d 34 S pyr : if, for example, isotopically negative pyrite is oxidized into sedimentary porewaters, then reprecipitated as sedimentary sulfate, this has the potential to overprint the primary sulfate signal (e.g., Rennie & Turchyn, 2014) .
Evidence of a contaminated isotopic signal may also be evaluated by crossplotting the weight percentage of specific mineral phases against their isotopic composition. If sample contamination has occurred, one might expect that samples containing a low concentration of a specific target phase might be more strongly affected by contamination. There is no significant correlation between weight percent carbonate and its isotopic composition (R 2 5 0.001; Figure 5a ), suggesting that any contamination has not had a significant effect on the isotopic composition of these samples. A similar result is found for organic carbon (R 2 5 0.03; Figure 5b ). The same approach cannot be used for assessing potential contamination in the sulfur phases, as weight percentage sulfate and pyrite were not determined.
Alteration of the Carbonate Phase
Geochemical evidence can be used to assess the hypothesis that the carbonate phases have been altered since deposition, either through burial diagenesis or through interaction with later-stage fluids. We note several lines of evidence that suggest that the isotopic signatures in the carbonate phase are not primary. burial while manganese, which can be high in porewater due to reductive mobilization, is similarly enriched in the recrystallized carbonate phase; thus a high Mn/Sr ratio is often interpreted to reflect a greater degree of burial diagenesis (Jacobsen & Kaufman, 1999) . As discussed in section 6.1.1, burial diagenesis often results in lower carbonate d 13 C; oxidation of isotopically lower organic carbon and the subsequent 
Timing of Carbonate Alteration
Is there anything to be learned from the carbon and isotope composition of carbonate minerals that clearly have been recrystallized? First, we discuss the potential candidates for a secondary fluid (that would have been involved with the alteration of the carbonate mineral phases), and then we use a water-rock interaction model to explore the timing of carbonate alteration in these samples.
Alteration of carbonate rocks through isotopic equilibration of the primary carbonate with fluids of differing oxygen isotope composition is known to impact the d 18 O of the carbonate. The partitioning of oxygen isotopes between fluid and carbonate is highly temperature dependent and therefore reequilibration of carbonates at depth (and therefore at higher temperatures) will result in isotopically lower carbonate d 18 O (Matter et al., 1975; Schrag et al., 1995) . The carbonate d
18
O in the Oksedal section have an average of 212.5 6 2.3&. Given the lack of polar icecaps during the latest Permian and Early Triassic (Ziegler, 1990) Geochemistry, Geophysics, Geosystems
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and (ii) burial and geothermal heating. Evidence of Tertiary volcanism from the North Atlantic Igneous Province (circa 60 Ma) can be clearly seen in many regions in East Greenland. However, in the Oksedal sections, the color and exceptional preservation of palynomorphs ) and the very low color alteration index of Wordie Creek Formation conodonts indicates unequivocally that the section is immature (Grotheer et al., 2016 O compositions, suggesting that significant water-rock interaction has occurred. The Oksedal carbonate rocks primarily reflect the isotopic composition of the interacting fluid rather than the initial carbonate.
We can therefore use the Oksedal carbonates to constrain the isotopic composition of the interacting fluid. In this model, we use an initial carbonate isotopic composition of d
18
O 5 0& and d 13 C 5 4& (Jacobsen & Kaufman, 1999) . Our model suggests that the d 13 C of the secondary fluid was less than 210&. Fitting the Geochemistry, Geophysics, Geosystems and 215& (Figure 7 ).
Oxygen isotope fractionation during evaporation of seawater results in 16 O-rich meteoric water. However, the degree of oxygen isotope fractionation is known to depend on sea surface temperature, and therefore varies strongly with latitude (Fricke & O'Neil, 1999) . Using an initial d 18 O of meteoric water based on Fricke and O'Neil (1999) , the model of water-rock interaction was used to compare the isotopic mixing curves at various latitudes with the isotopic composition of the carbonate in the three studied sections (Figure 8 ). Given our constraints on the isotopic composition of the fluid, we suggest that the meteoric fluid likely was derived from a latitude of 508N to 558N. This latitude is significantly northward of palaeo-latitude estimated for Greenland at the Permo-Triassic transition (roughly 408N; Twitchett et al., 2001; Wignall & Twitchett, 2002a) , and therefore suggests that the main phase of alteration of the carbonate phase occurred substantially (millions of years) after the initial deposition.
Interestingly, the isotopic composition of the interacting fluid is not consistent with meteoric water from 708N (the latitude of Greenland during the formation of the North Atlantic Igneous Province). The North Atlantic Igneous Province (60 Ma) has been invoked to explain other geochemical heterogeneity in the region (Surlyk et al., 1986 O of meteoric water from that predicted from latitude (Fricke & O'Neil, 1999) . Furthermore, as the Permo-Triassic transition was free of polar icecaps, the mean seawater d
18 O would be approximately 1& lower than it is today, and the surface patterns of d 18 O might be markedly different. We therefore emphasize the uncertainty in our estimates of the palaeo-latitude of recrystallization.
While we acknowledge uncertainties in the isotopic composition of the rock and the fluid, our water-rock interaction modeling exercise supports our hypothesis that the carbonate in the Oksedal section has been significantly altered. Based on the assumed initial isotopic values of the rock (d 13 C 5 5&, d
O 5 0&) and the water (d 13 C 5 212&, d 18 O dependent on latitude), the model suggests that the weight ratio of Figure 8 . Water-rock interaction model used to assess the timing of carbonate recrystallization in Oksedal using the oxygen isotope composition of meteoric water as a function of latitude and a range of water-rock ratios (black values) during recrystallization. These data suggest that the carbonate was recrystallized when Greenland was around 508N.
Geochemistry, Geophysics, Geosystems 10.1002/2017GC007259 meteoric water to rock ranges between 20 and 500. The corollary of this water-rock interaction modeling is that geochemical data from Oksedal carbonate minerals can be used as a primary archive only when the concentration of the element within the rock vastly exceeds that of the meteoric water interacting with it.
The Perturbation at the Boundary
Given that the carbonate records in the Oksedal section are strongly affected by late-stage alteration, we now turn to the organic carbon and pyrite records, which we argue are better preserved (section 6.1). We will discuss interpretations of these geochemical archives and their implications for environmental changes within the Jameson Land Basin across the Permo-Triassic transition.
The Oksedal sections reveal a 40& negative excursion in d
34
S pyr coupled with a 10& negative excursion in d 13 C org immediately after the extinction horizon. Coupled negative organic carbon and pyrite-sulfur isotope excursions have been observed in other Permo-Triassic sections globally (Algeo et al., 2008; Luo et al., 2010) , with the addition of euxinic waters from deeper within the basin invoked to explain the covariation. Organic matter oxidation and sulfur isotope fractionation during sulfate reduction results in a low d C water promotes photosynthesis then its ''light'' signal will be captured in d 13 C org , while upwelling of euxinic waters followed by pyrite precipitation generates a negative shift in d 34 S pyr if the upwelled sulfide is directly captured as syngenetic pyrite (Algeo et al., 2008) .
Euxinic conditions in the Jameson Land Basin have been suggested on the basis of pyrite framboid studies (Bond & Wignall, 2010; Nielsen et al., 2010; Wignall & Twitchett, 2002a) ; however, we suggest that several new lines of evidence are inconsistent with the idea of basin-wide euxinia. First, in order to produce the observed isotopic excursion of 240& in the bulk pyrite signal (as observed in the Oksedal sections), mass balance dictates that almost ten times as much syngenetic pyrite (with an average d et al., 2008) during the intervals of hypothesized euxinia. This ratio is significantly larger than the ratios observed in other Permo-Triassic sections (which range between 1:1 and 4:1; Algeo et al., 2008) . This suggests either than the Jameson Land Basin became intensely euxinic (Bond & Wignall, 2010) or that other processes in addition to the burial of isotopically negative d 34 S syngenetic pyrite produced the signal seen in our record. Second, our hydrocarbon analysis of the Oksedal section suggests that all kerogen is type IV, which is thought to reflect reworked terrestrially derived organic carbon. The negative d
13
C org excursion in the Jameson Land Basin therefore is not reflective of changes in marine dissolved inorganic carbon d 13 C and provides no direct evidence for upwelled euxinic water. Third, marked differences between the Oksedal d 34 S pyr record and other previously published records from the Fiskegrav section (100 km south of Oksedal; Fenton et al., 2007; Mettam et al., 2017; Nielsen et al., 2010; Stemmerik et al., 2001; Twitchett et al., 2001 ) argues against intense basin-wide euxinia. Across the Late Permian and Early Triassic, the Jameson Land Basin was a north-facing open embayment at the southern end of the East Greenland rift system (Surlyk et al., 1986; Wignall & Twitchett, 2002b) . The Oksedal sections were further from the basin margin and likely in deeper water than the Fiskegrav site-interpreted to have a maximum depth of 100 m (Mettam et al., 2017) . Across the Permo-Triassic transition, both Oksedal and Fiskegrav witness a 10& negative excursion in d 13 C org ( Figure 9b) ; however, the d 34 S pyr is markedly different between the two locations ( Figure 9a ).
In Fiskegrav, there is variability in d 34 S pyr before the extinction horizon, but no apparent excursion at the horizon, whereas, in the Oksedal sections, a transient 240& excursion is observed in d 34 S pyr across the extinction horizon. If the negative sulfur isotope excursion in the Oksedal sections was attributable to the increased burial of isotopically more negative syngenetic pyrite due basin-wide euxinia, we would predict that the shallower Fiskegrav section would also show a negative sulfur isotopic excursion (albeit of a smaller magnitude, if euxinia was less prevalent in shallower environments). This is not the case. The final line of evidence against basin-wide euxinia comes from a recent study of iron speciation in the Fiskgrav section (Mettam et al., 2017) . This shows that although anoxic conditions were likely prevalent, long-term euxinia was not achieved.
Regional heterogeneity in sulfur isotopic compositions following the Permo-Triassic mass extinction is not unique to East Greenland, indeed similar pyrite-sulfur isotopic disparities have been observed in other sections globally (Payne & Clapham, 2012) . In the case of the Jameson Land Basin, we acknowledge that dating uncertainties at the two locations mean we cannot be certain that we are comparing samples from the Geochemistry, Geophysics, Geosystems
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same stratigraphic horizon, however for the purpose of this discussion we will assume that the previously determined stratigraphic analysis is correct (Wignall & Twitchett, 2002b) and the excursions in the carbon isotope composition of organic matter can be correlated. This discussion then centers around how two sections 100 km apart could have a similar change in d 13 C org but a markedly different change in d 34 S pyr .
The carbon isotope composition of organic carbon in any given sediment largely reflects the type of the organic carbon in that particular sediment. The kerogen in the Oksedal sections is dominantly type IV, and there is no apparent change in the kerogen type across the extinction horizon. As type IV kerogen is interpreted to reflect reworked organic matter derived from terrestrial sources, we suggest that the negative d 13 C org excursion in the Jameson Land Basin reflects (i) a global change in d 13 C, which extended to the atmosphere as well as the ocean (Berner, 2002) , (ii) a change in the flux of organic carbon derived from terrestrial sources, or (iii) a change in the preservation of organic carbon across the Permo-Triassic transition. Higher TOC across the Permo-Triassic transition (Figure 3a) , which is synchronous with the negative d 13 C org excursion, may indicate better preservation of organic carbon or an elevated flux of terrestrial-derived organic carbon to the basin during this interval. We emphasize that, as there appears to be no evidence of marine-derived organic carbon remaining in these sections, the 24& isotopic excursion d 13 C excursion observed in many marine sections at the Permo-Triassic boundary (Korte & Kozur, 2010 ) likely extended The d 34 S pyr , unlike the d 13 C org , does not change uniformly across the Jameson Land Basin, suggesting it largely reflects local diagenetic processes within the sediment column and not changes in the sulfur isotope composition of the overlying water change. Pyrite is formed from sulfide produced during microbial sulfate reduction, and microbial sulfate reduction partitions sulfur isotopes between 0 and 70& (Canfield et al., 2010) . The magnitude of this sulfur isotope fractionation is largely a function of the rate of microbial sulfate reduction, which itself varies with temperature, source of carbon, and amount of sulfate (Canfield et al., 2010; Chambers & Trudinger, 1979; Johnston et al., 2005 Johnston et al., , 2007 (Aller et al., 2010; Fike et al., 2015) .
Before the Permo-Triassic extinction horizon, the d 34 S pyr of the Fiskegrav section is around 30& more negative than the d 34 S pyr of Oksedal. This could indicate different dynamics for microbial sulfate reduction and pyrite formation in the deep site relative to the shallower water location. This difference can be explained several ways. First, the depth of microbial sulphate reduction may have been deeper in the sediment column in the Oksdeal location, resulting in higher d 34 S pyr . A second possibility is that sediment reworking, either biologically or through other physically induced mechanisms, impacts the overall d 34 S pyr that is preserved (Fike et al., 2015) . In this hypothesis, sediment reworking can partially reoxidize precipitated phases, subsequent rereduction of sulphate will generate isotopically very low d 34 S pyr . In this case, prior to the Permo-Triassic boundary, the Fiskegrav section reflects enhanced bioturbation and the Oksedal section reflects less sediment reworking and microbial sulfate reduction operating under more closed system conditions.
If we stretch this idea further, we could hypothesize that across the Permo-Triassic boundary, the decrease in d 34 S pyr at Oksedal could be the result of microbial sulfate reduction moving shallower in the sediment column in response to a change in the supply of organic carbon. An alternative possibility is that the physical biological reworking of the sediments becomes stronger at depth, generating enhanced reoxidation of sulfide phases and transient preservation of isotopically lower pyrite. By contrast, the lack of change in the Fiskegrav section d 34 S pyr across the Permo-Triassic boundary suggests that microbial sulfate reduction continued to operate under open system conditions, although we note the existence of several samples with markedly higher d 34 S pyr (potentially suggesting short-lived intervals of closed system microbial sulfate reduction).
Conclusion
We presented sulfur and carbon isotopic records from the expanded Permo-Triassic boundary Oksedal sections in East Greenland. These records suggest a 40& negative sulfur isotope excursion in pyrite and a 10& negative carbon isotope excursion in organic carbon across the Permo-Triassic boundary. In contrast, the isotopic records of oxygen, carbon and CAS appear to have been altered by postdepositional recrystallization.
A simple water-rock interaction model was used to determine the extent and nature of carbonate recrystallization in the Oksedal sections. We suggest that the carbon and oxygen isotopic values are most consistent with significant (20-500 water to rock ratio) interaction of the original carbonate with meteoric water significantly after initial deposition. Testing this hypothesis would require unaltered isotopic records of sulfate, which are not available from these locations.
